Abstract. CO 2 capture and storage (CCS) in geological reservoirs may be part of a strategy to reduce global anthropogenic CO 2 emissions. Insight in the risks associated with underground CO 2 storage is needed to ensure that it can be applied as safe and effective greenhouse mitigation option. This paper aims to give an overview of the current (gaps in) knowledge of risks associated with underground CO 2 storage and research areas that need to be addressed to increase our understanding in those risks. Risks caused by a failure in surface installations are understood and can be minimised by risk abatement technologies and safety measures. The risks caused by underground CO 2 storage (CO 2 and CH 4 leakage, seismicity, ground movement and brine displacement) are less well understood. Main R&D objective is to determine the processes controlling leakage through/along wells, faults and fractures to assess leakage rates and to assess the effects on (marine) ecosystems. Although R&D activities currently being undertaken are working on these issues, it is expected that further demonstration projects and experimental work is needed to provide data for more thorough risk assessment.
Introduction
In order to stabilise the concentration of greenhouse gasses in the atmosphere, many countries have committed themselves to reduce their greenhouse gas emissions. These emissions are dominated by CO 2 and to a large extent related to fossil fuel use. Reduction of CO 2 emissions can be realised by means of a diverse portfolio of options covering energy and material efficiency improvements, afforestation, increased use of renewable and nuclear energy and decrease of the carbon intensity of fossil fuels. The latter option comprises a shift from coal towards gas and carbon dioxide removal, in which CO 2 emitted at stationary sources is captured and stored in geological reservoirs or the ocean. It is becoming clear that energy and material efficiency improvements and the increased use of renewable energy sources cannot achieve the emission reductions required to reach long-term atmospheric stabilisation targets below 550 ppm CO 2 (Pacala and Socolow, 2004) . The use of nuclear energy meets public resistance in many countries. Given the large amounts of fossil fuels (especially coal) that can be extracted at low costs, cleaner use of fossil fuels by capturing and storing CO 2 is considered to be a potential element of a strategy to substantially reduce global anthropogenic CO 2 emissions in the coming decades (Herzog et al., 1997; IPCC, 2001a; Pacala and Socolow, 2004; Turkenburg, 1997 a Including oil and gas fields approaching the end of their economically productive life (by primary and secondary production). In these reservoirs, injection of CO 2 may enhance the oil/gas yield (enhanced oil/gas recovery or EOR/EGR). b In these reservoirs, injection of CO 2 can result in the production of coal bed methane (enhanced coal bed methane recovery or ECBM).
The technical potential or capacity (see Table I ) is sufficient to store worldwide emissions for several decades up to several hundred years.
A key factor affecting the implementation of CCS are the risks associated with underground CO 2 storage. Gaining a better understanding and quantification of these risks is needed to ensure that they will comply with safety standards (also after injection has been completed). Risk assessment is a first step in a strategy to set up management and control measures to minimise risks of underground CO 2 storage. Also, it helps to facilitate the formulation of standards and regulatory frameworks required for large-scale application of CCS. To date, a wide variety of activities studying the risks of underground CO 2 storage have been completed and are being performed. The risks associated with underground CO 2 storage have been discussed extensively in an EU study on underground disposal of CO 2 (Holloway, 1996) . However, in the meantime new insights have been obtained into the risks of CCS.
The objective of this article is to give an overview of the knowledge and especially the gaps in knowledge with regard health, safety and environmental risks of CCS, useful for policymakers to prioritise R&D, set standards and define strategies. The overview is based on a review of scientific literature and information gained from R&D projects, supported by expert consultation.
Health, safety and environmental risks can be caused by operation of surface and injection installations and by storage of CO 2 in a geological reservoir. CO 2 capture and compression are commonly applied technologies in industry to produce highpurity CO 2 for various industrial applications (enhanced oil recovery, carbonisation of beverages, cooling, drinking water treatment, welding, foam production). The associated risks are considered to be acceptable according current industry standards and therefore not discussed in this paper. The risks associated with surface and injection installations are discussed very briefly in this paper. We will focus on the
